In this study, two different versions of the Soil and Water Assessment Tool (SWAT) are used to simulate the Cannonsville Watershed. These versions are referred to as SWAT_TS and SWAT_VSA. The SWAT-VSA model distributes overland flow in ways that are consistent with variable source area hydrology, while the SWAT_TS model does not. Since many water quality models, such as SWAT, use some form of the curve number equation to predict storm runoff, these models may fail to accurately describe the effects of variable source areas (VSAs), which are mostly important in rural, humid areas, such as upstate New York. These two models are compared by calibrating each for flow, phosphorous and sediment against measured data.
Introduction:
The Cannonsville Reservoir is a large drinking water reservoir located in Delaware County in upstate New York. The reservoir is one of the largest of New York City's drinking water reservoirs. The Cannonsville Watershed is approximately 1200 km 2 consisting of mostly forested and agricultural lands. Due to agriculture in the area, the reservoir has often experienced water quality problems due to heavy phosphorous loading. The phosphorous has caused concerns as to whether or not New York City can continually use this water without the need for a water filtration plant.
The Soil and Water Assessment Tool (SWAT) has previously been used to accurately model the Cannonsville Watershed (Tolson and Shoemaker, 2007b) . The SWAT model is a watershed scale model created to simulate long term runoff and nutrient losses in rural, agriculturally dominated watersheds. The model requires such information as soils data, elevation data and land use information. This data is then lumped together into hydrologic response units (HRUs) to direct flows and sub-basin routing. The model then requires climate data, such as temperature, precipitation and solar data in order to simulate the watershed.
In this study, two different versions of SWAT are used to model the watershed. These versions are called SWAT_TS and SWAT_VSA. The SWAT_VSA version simulates flow using variable source area hydrology, while the SWAT_TS version does not. Variable source area (VSA) hydrology is the concept that runoff generating locations vary both in time and space, depending on time of year, rainfall, temperature and topography (Easton et al., 2008) . In VSA hydrology, surface runoff is not evenly distributed over the land, but is concentrated in specific areas. This concept can have a large impact on nutrient transport, and is therefore an important consideration in management techniques. The SWAT_TS and SWAT_VSA models are calibrated against measured data in order to compare the accuracy of each.
Description:
Both of the models in this study are modified versions of the SWAT 2005 model. The first model, SWAT_TS uses a modified version of the SWAT 2005 source code. Previous work done using the SWAT 2000 model showed that the results improved with certain source code changes (Tolson and Shoemaker, 2007b) . These changes include modifications of the daily manure spreading, plant growth, flow in/on frozen soils, monthly subbasin temperatures and the MUSLE equation. These modifications are described in more detail in (Tolson and Shoemaker, 2007b) . The source code changes make up the difference between the SWAT_TS model and the SWAT 2005 model.
The second model, SWAT_VSA, includes the modifications in SWAT_TS as well as the variable source area hydrology (VSA). The major difference between the SWAT_VSA and the SWAT_TS models are in the way that the HRUs are created. In SWAT_TS, the HRUs are defined by the coincidence of soil type and land use. In order to incorporate VSA hydrology into SWAT, a topographic wetness index is used together with land use to define the HRUs (Easton) . The soil topographic index (STI) is defined as:
where a is the upslope contributing area for the cell per unit of contour line (m), tan β is the topographic slope of the cell, and T is the transmissivity (soil depth x saturated soil hydraulic conductivity) of the uppermost layer of soil (m 2 d -1 ) (Easton et al., 2008 ). These index classes are then numbered from 1, the driest and least prone to saturate, to m, the most prone to saturate (Easton) . For the SWAT_VSA, there are 10 different index classes.
Calibration:
The SWAT_TS and the SWAT_VSA models are calibrated using an algorithm called dynamically dimensioned search, or DDS. DDS is a simple stochastic single-solution based heuristic global search algorithm designed for automatic calibration of watershed models (Tolson and Shoemaker, 2007a) . DDS performed better on a Cannonsville subbasin than a variety of other methods (Shoemaker et al., 2007) . Although SWAT has many outputs, this study focuses mostly on phosphorous, so calibrations are done for flow, sediment and phosphorous. In order to get the best results, each model is calibrated in steps, with flow calibrated first, sediment second and phosphorous last. When calibrating for each constituent, only parameters that are directly related to the constituent vary, all other parameters remain constant. For example, when calibrating for phosphorous, only phosphorous parameters vary.
For the flow calibrations, the DDS algorithm is used to minimize the sum of squared errors between measured and simulated values over time.
In equation (1), SSE is the sum of squared errors and t is time. Next, the models are calibrated for sediment, while keeping the optimized flow parameters constant. This is done using the DDS algorithm and a weighted objective function.
Where:
Since the SSE values for flow and sediment can vary by orders of magnitude, weighting values, the alphas, are used when calibrating for sediment. The weighting scheme normalizes the SSE values of flow and sediment. It is necessary to include flow when calibrating for sediment because many of the parameters that largely impact sediment output also impact flow output.
The final step involves calibrating for phosphorous. There are two types of phosphorous that are important in this study, total dissolved phosphorous (TDP) and particulate phosphorous (PP), each of which are outputs in the SWAT model. Using the parameters from the flow and sediment calibrations, the phosphorous is calibrated using the following objective function with DDS:
The weighting values are necessary for the same reasons they are necessary for the sediment calibration. The weighting values normalize the SSE values so that each constituent is equally weighted. The following tables summarize the parameters used for flow, sediment and phosphorous. 
